Cyclooxygenase (COX)-derived prostanoids play an important role in the cerebrovascular control of newborns. In humans and in the widely accepted model of piglets, both the COX-1 and the COX-2 isoforms are expressed in cerebral arteries. However, the involvement of these isoforms in cerebrovascular control is unknown. Therefore we tested if specific inhibitors of COX-1 and/or COX-2 would differentially affect pial arteriolar responses to COX-dependent stimuli in piglets. Anesthetized, ventilated piglets (n ϭ 35) were equipped with a closed cranial window, and changes in pial arteriolar diameters (baseline ‫001ف‬ m) to hypercapnia (ventilation with 5-10% CO 2 , 21% O 2 , balance N 2 ), arterial hypotension (40 mm Hg MABP achieved by blood withdrawal), and Ach (Ach, 10 -100 M) were determined via intravital microscopy. Arteriolar responses were repeatedly tested 15 min after IV administration of selective COX-1 and COX-2 inhibitors SC-560 and NS-398 (1-1 mg/kg), and nonselective inhibitors indomethacin (0.3-1 mg/kg), acetaminophen (30 mg/kg), and ibuprofen (30 mg/kg). Hypercapnia resulted in concentration-dependent, reversible, ‫02ف(‬ -40%) increases in pial arteriolar diameters that were unaffected by NS-398, SC-560, acetaminophen and ibuprofen. In contrast, 0.3 mg/kg indomethacin significantly reduced, 1 mg/kg virtually abolished the vasodilation. Arterial hypotension elicited ‫)%02-51ف(‬ vasodilation that was similarly reduced by NS-398 and indomethacin but was unaltered by SC-560. Ach dose-dependently constricted pial arterioles. This response was similarly attenuated by NS-398, indomethacin, and ibuprofen, but left intact by SC-560. We conclude that the assessed COX-dependent vascular reactions appear to depend largely on COX-2 activity. However, hypercapnia-induced vasodilation was found indomethacin-sensitive instead of a COX-dependent response in the piglet. Cyclooxygenase (COX) is the rate-limiting enzyme of prostanoid biosynthesis and ubiquitously found in most cells including microvascular endothelium and vascular smooth muscle (VSM). COX has two major isoforms coded by different genes (COX-1 and COX-2) that can now be targeted with selective inhibitors. More molecular variants exist as suggested by the recent description of a splice-variant of COX-1, putatively named COX-3 (1). In the piglet cerebral arteries, both COX-1 and COX-2 mRNA-s are expressed with COX-2 being the dominant constitutive isoform (2).
Cyclooxygenase (COX) is the rate-limiting enzyme of prostanoid biosynthesis and ubiquitously found in most cells including microvascular endothelium and vascular smooth muscle (VSM). COX has two major isoforms coded by different genes (COX-1 and COX-2) that can now be targeted with selective inhibitors. More molecular variants exist as suggested by the recent description of a splice-variant of COX-1, putatively named COX-3 (1). In the piglet cerebral arteries, both COX-1 and COX-2 mRNA-s are expressed with COX-2 being the dominant constitutive isoform (2) .
COX-activity plays opposing roles in the cerebral circulation under physiologic and pathologic conditions. In normoxia, COX-derived metabolites play an important role in the control of VSM in many cerebrovascular regulatory pathways (3) . In contrast, uncontrolled COX-activity under hypoxic/ischemic stress may be an ample source of superoxide anions and proinflammatory prostanoids involved in cellular injury and cell death (4, 5) . In fact, COX-inhibitors have pronounced neuroprotective effects in many neonatal and adult experimental models of hypoxia and stroke. In the piglet, the direct protective effect of COX-inhibitors on neurons after ischemic stress appears to be mediated by COX-2 (6) . However, COX inhibitors may also indirectly produce neuroprotection by preserving the ischemia-sensitive elements of cerebrovascular reactivity. Indeed, indomethacin prevented the postischemic attenuation of cerebrovascular reactivity to numerous stimuli that dilated pial arterioles through COX-independent pathways (7, 8) . However, a number of ischemia-sensitive vasodilatory mechanisms are themselves COX-dependent, thus COXinhibitors given for neuroprotection should simultaneously impair cerebrovascular control to some extent. Unfortunately the selective contribution of COX-1 and/or COX-2 activity to different ischemia-sensitive, COX-dependent cerebral arteriolar responses is currently unknown. The potential clinical application of COX-inhibitors as a neuroprotective strategy however, warrants this information.
The present study investigated whether selective inhibitors of COX-1 (SC-560) and COX-2 (NS-398) would differentially affect pial arteriolar responses to the following COXdependent stimuli compared with the effect of indomethacin: 1) hypercapnia (9), and 2) arterial hypotension-induced vasodilation (10), as well as 3) acetyl-methylcholine (Ach)-induced vasoconstriction (11, 12) . The comparison of combined COX-1 and COX-2 inhibition with the effect of indomethacin generated further experiments that yielded new data on the mechanism of hypercapnia-induced vasodilation.
MATERIALS AND METHODS
Animals. Newborn piglets of either sex (Ͻ24 h old, body weight 1-2 kg, n ϭ 35) were used. All procedures were approved by the Institution Animal Care and Use Committee. The animals were anesthetized with sodium thiopental (30 -40 mg/kg ip, Biochemie, Vienna, Austria) followed by IV injection of ␣-chloralose (40 mg/kg, Sigma Chemical Co., St. Louis, MO). Supplemental doses of ␣-chloralose were given to maintain a stable level of anesthesia. The right femoral artery and vein were catheterized to record blood pressure and to administer drugs and fluids, respectively. The piglets were intubated via tracheotomy and artificially ventilated with room air. The ventilation rate (‫/02ف‬min) and tidal volume ‫02ف(‬ mL) were adjusted to maintain arterial blood gas values and pH in the physiologic range. Body temperature was maintained at 37-38°C by a water-circulating heating pad. Body temperature, arterial pH and blood gases were kept in the normal ranges, and did not vary significantly among different groups. For instance, in Group 2 the values were 37.4 Ϯ 0.1°C, pH ϭ 7.48 Ϯ 0.02, pCO 2 ϭ 32.7 Ϯ 1.0 mm Hg, pO 2 ϭ 86.7 Ϯ 5 mm Hg.
The animals were equipped with a closed cranial window as described (2). The cranial window was filled with artificial cerebrospinal fluid (aCSF) warmed to 37°C and equilibrated with 6% O 2 and 6.5% CO 2 in balance N 2 to give pH ϭ 7.33, pCO 2 ϭ 46 mm Hg, and pO 2 ϭ 43 mm Hg. The pial circulation was visualized using an operating microscope (Wild, Switzerland) equipped with a CCD camera (A. Krüss, Germany) connected to a TV monitor (Panasonic, Japan). In each experiment, a pial arteriole having an approximately 100 m diameter was selected. Pial arteriolar diameters were then determined with a video microscaler. Following surgery the cranial window was perfused with aCSF until a stable arteriolar baseline diameter was obtained. At the end of the experiments the animals were killed while anesthetized with an IV bolus of saturated KCl solution.
Assessment of cerebrovascular reactivity. After obtaining stable baseline arteriolar diameters, we examined the responses of cerebral arterioles to hypercapnia, arterial hypotension, and Ach before and 15 min after IV administration of various COX inhibitors (see study groups for details). Arteriolar diameters were measured continuously for 5-7 min to hypercapnia and Ach, and for 3 min to hypotension. These periods resulted in maximal and stable increases in vascular caliber, and ensured that autonomic reflexes (for instance the weak baroreceptor response (3)) or short-term changes in MABP would not affect arteriolar diameters. After each stimulus the window was flushed with aCSF and the arteriolar diameters were allowed to return to baseline values before the administration of COX inhibitors. Graded hypercapnia was elicited by ventilating the animal with a gas mixture containing 5 and 10% CO 2 , 21% O 2 , balance N 2 . Arterial hypotension (MABP ϭ 40 mm Hg) was evoked by reversible removal of arterial blood to a heparinized syringe. Ach was dissolved in aCSF (10 -100 M) and applied to the pial surface through the injectible ports of the cranial window.
Drugs. Ach (Sigma Chemical Co.) was dissolved in aCSF. NS-398 (Sigma Chemical Co.) and SC-560 (Cayman Chemicals, Ann Arbor, MI) were dissolved in DMSO (10 mg/mL). Indomethacin (Merck & Co, Whitehouse Station, NJ) and ibuprofen (Sigma Chemical Co.) were dissolved in saline (2 mg/mL and 30 mg/mL, respectively). Acetaminophen (Sigma Chemical Co.) was dissolved in ethanol (50 mg/mL).
Study groups. Group 1 (n ϭ 5): Arteriolar responses to hypercapnia (10% CO 2 ) and hypotension were recorded before and 15 min after administration of selective COX-2 inhibitor NS-398 (1 mg/kg, IV). The stimuli then were repeated once more 15 min after indomethacin treatment (1 mg/kg, IV).
Group 2 (n ϭ 5): Arteriolar responses to hypercapnia (10% CO 2 ) and hypotension were recorded before and 15 min after administration of selective COX-1 inhibitor SC-560 (1 mg/kg, IV). The stimuli then were repeated once more 15 min after combined administration of SC-560 and NS-398 (1-1 mg/kg, IV).
Group 3 (n ϭ 6): Arteriolar responses to hypercapnia (5-10% CO 2 ) were measured before and 15 min after administration of acetaminophen (30 mg/kg, IV).
Group 4 (n ϭ 5): Arteriolar responses to hypercapnia (5-10% CO 2 ) were recorded before and 15 min after administration of ibuprofen (30 mg/kg, IV). The stimulus was then repeated once more 15 min after a low dose of indomethacin (0.3 mg/kg, IV).
Group 5 (n ϭ 6): Arteriolar responses to Ach were measured before and 15 min after NS-398 (1 mg/kg, IV). The stimulus then was repeated once more 15 min after indomethacin treatment (1 mg/kg, IV).
Group 6 (n ϭ 8): Arteriolar responses to Ach were measured before and 15 min after SC-560 (1 mg/kg, IV). The stimulus then was repeated once more 15 min after ibuprofen treatment (30 mg/kg, IV).
Statistics. Data are expressed as mean Ϯ SD. Pial arteriolar diameter data were analyzed using repeated measures analysis of variance, followed by pairwise comparisons using the Student-Newman-Keuls test where appropriate (SigmaStat, Jandel Co., San Rafael, CA). P values of Ͻ0.05 were considered statistically significant.
RESULTS

Effect of COX-inhibitors on hypercapnia-induced vasodilation.
Hypercapnia significantly elevated arterial pCO 2 levels with simultaneous reductions in arterial pH during repeated challenges in all experimental groups. For instance, in Group 3, 5% and 10% CO 2 elevated pCO 2 levels from 35.9 Ϯ 2.9 to 47.2 Ϯ 1.8 and 66.2 Ϯ 2.5 mm Hg, and from 33.2 Ϯ 4.8 to 46.9 Ϯ 1.2 and 63.8 Ϯ 1.6 mm Hg, before and after drug treatment, respectively. At the same time arterial pH was reduced from 7.41 Ϯ 0.04 to 7.27 Ϯ 0.03 and 7.14 Ϯ 0.03, and from 7.37 Ϯ 0.03 to 7.26 Ϯ 0.03 and 7.14 Ϯ 0.03 before and after drug treatment, respectively. Hypercapnia also resulted in reversible, concentration-dependent pial arteriolar vasodilation (Fig. 1) . In Group 1, NS-398 did not inhibit the vasodilation (Fig. 1A) . In Group 2, SC-560 also had no effect (Fig. 1B) . In Group 1, administration of indomethacin after NS-398 virtually abolished the dilatory response (Fig. 1A) . In Group 2, however, combined administration of the two selective drugs only resulted in moderate decrease in vascular reactivity, the remaining response was still much larger than after indomethacin (Fig. 1B) . In Group 3, acetaminophen and in Group 4, ibuprofen administration also failed to alter arteriolar responses to hypercapnia, similarly to the selective inhibitors (Fig. 1C-D) . Interestingly, in Group 4, a low dose of indomethacin (0.3 mg/kg) given after ibuprofen could still attenuate hypercapnia-induced vasodilation by ‫%05ف‬ (Fig. 1D) .
Effect of COX-inhibitors on hypotension-induced vasodilation. Lowering MABP to 40 mm Hg resulted in reversible arteriolar dilation (Fig. 2) . In Group 1, NS-398 treatment significantly attenuated vasodilation, and indomethacin could not further inhibit vasodilation to hypotension after COX-2 inhibition by NS-398 ( Fig. 2A) . In contrast, SC-560 alone 854 unaltered hypotension induced vasodilation in Group 2 (Fig.  2B ), but consequent administration of NS-398 was able to significantly attenuate the response (Fig. 2B) .
Effect of COX-inhibitors on Ach-induced vasoconstriction. Ach elicited dose-dependent vasoconstriction (Fig. 3) . In Group 5, NS-398 significantly attenuated Ach-induced vasoconstriction, but subsequent administration of indomethacin had no further inhibitory effect (Fig. 3A) . In Group 6, however, SC-560 had no inhibitory effect on Ach-induced vasoconstriction, whereas ibuprofen was able to reduce this vascular response similarly to NS-398 or indomethacin (Fig. 3B) .
DISCUSSION
The major findings of the present study are the following: 1) hypotension-induced vasodilation, 2) Ach-induced vasoconstriction are sensitive to COX-2 inhibition by NS-398, and 3) nonselective COX inhibitors (indomethacin, ibuprofen) could not further attenuate vascular reactivity to these stimuli (4). In contrast, these vascular responses remained unchanged after COX-1 inhibition by SC-560 (5). We confirmed that hypercapnia-induced arteriolar vasodilation is extremely indomethacin-sensitive, but we found this effect of indomethacin is unlikely to be related to inhibition of COX.
The present findings support the concept that COXdependent cerebrovascular responses are mainly dependent on cerebrovascular COX-2 activity. Our present in vivo results using COX isoform-selective pharmacological tools are in accordance with the dominant, strong expression of COX-2 in the piglet brain and cerebral arteries, especially the microvascular endothelium (2) , and the COX-2 dependency of in vivo cerebrovascular prostanoid production in piglets (13) . The assessed COX-dependent responses mainly require COXproducts from endothelial cells, since selective endothelial injury diminishes the responsiveness to these stimuli (14, 15) . Indeed, freshly isolated or cultured endothelial cells from piglet brains or autopsy specimens of neonatal human cerebral cortex have also been found to produce prostanoids mainly via the activity of COX-2 (16, 17) .
Previously, proposed COX-dependent responses must have fulfilled two criteria: 1) the level of endogenous prostanoids in 
COX-DEPENDENT VASCULAR RESPONSES IN PIGS
the CSF should increase in response to the stimulus, and 2) the administration of indomethacin should alter the vascular response (3). However, the most intriguing question emerged from the present study: can all indomethacin-sensitive mechanisms safely be called COX-dependent? At least in the case of hypercapnia-induced pial arteriolar vasodilation this assumption appears to be false.
To address these issues, the present study used five structurally different COX inhibitors to elucidate the role of COX isoforms in selected pial arteriolar responses. The doses were carefully selected based on previous results in piglets or other species both for effective and selective COX inhibition. The dose of NS-398 was primarily chosen because it was found to be COX-2 selective and effectively preserved neuronalvascular function after hypoxic/ischemic stress in the piglet similarly to indomethacin (6) . The plasma concentration of NS-398 reaching the pial endothelial cells following the IV bolus of 1 mg/kg dose is estimated at 30 -50 M, and this concentration range (from 10 M) inhibited ‫07ف‬ -90% of prostaglandin release in freshly isolated piglet cerebral microvascular endothelial cell cultures (16, 18) . However, this dose (up to 100 M) left prostaglandin production in human umbilical vein endothelial cells (HUVEC) intact, but HUVEC express only COX-1 (18) . Based on these findings, in the piglet, the contribution of COX-1 to the endothelial/vascular prostanoid production has been expected to be minor (up to 10 -20%). This remnant activity was targeted in the present study with SC-560. To the best of our knowledge, SC-560 has not been used in piglets previously. The dose was chosen since it was effective in blocking COX-1 activity in the rat brain even after COX-1 gene transfer (19) , where brain prostaglandin production in COX-1 overexpressing transgenic mice could be successfully inhibited with this dose. Although SC-560 was without an effect in the present study, in adult mice pial application of 25 M SC-560 using cranial window resulted in about 50% decrease in hypercapnia-induced increase in cortical blood flow indicating a more prominent role of COX-1 in the adult mouse cerebral circulation (20) . Ibuprofen and acetaminophen were used in a large pharmacological dose (30 mg/kg). This dose of ibuprofen can suppress cerebral COXactivity in piglets virtually 100% (21) . Although acetaminophen is often enlisted as a nonsteroid anti-inflammatory drug, it is only a weak inhibitor of prostanoid biosynthesis except in the brain (22) . This corresponds with its pronounced analgesic and antipyretic effects, and the lack of anti-inflammatory effect. Unlike the former studies, where 5 mg/kg indomethacin was used to diminish vasoreactivity to hypercapnia (9,23), we used only 0.3-1 mg/kg to give a similar dose to the selective COX inhibitors. Indeed, in the present study NS-398 and indomethacin had the same potency to reduce hypotension-induced vasodilation or Ach-induced vasoconstriction, similarly to their neuroprotective effect in our previous study (6) or their antiinflammatory effects in a number of rat inflammation models (24, 25) .
In the present study, we found a major discrepancy between the high efficacy of indomethacin and the failure of the COX-1 and COX-2 selective inhibitors to alter hypercapnia-induced vasodilation in piglets. In this species, hypercapnia-induced dilation of pial arterioles was impaired after light/dye endothelial injury, indicating endothelial involvement (14, 26) . Additionally, vasodilation was found to be one of the numerous COX-dependent responses since inhibition of COX with indomethacin consistently abolished the vascular response (9, 27, 28) . The role of COX-derived prostanoids in the mechanism of vasodilation to hypercapnia has been proposed as a "permissive role" since supplementation of exogenous prostacyclin could restore arteriolar responsiveness following indomethacin or light-dye injury (9, 26) . Interestingly, PGE 2 also restored responsiveness after indomethacin, and adenosine as well as sodium nitroprusside were also partially effective (28) .
Since COX-1 or COX-2 selective inhibitors could not mimic the conspicuous effect of indomethacin, we investigated whether the recently described acetaminophen-sensitive COX-3 isoform could be responsible for the production of prostanoids involved in this response (1) . The occurrence of COX-3 isoform has not been investigated in the newborn piglet yet, but high COX-3 mRNA levels have been found in primary cerebrovascular endothelial cell cultures isolated from preterm rat fetuses (29) . Thus, COX-3 may conceivably be present in the newborn cerebral blood vessels. However, its involvement in the hypercapnia-induced vasodilation is unlikely, since acetaminophen had no effect on the vascular response in the present study. Further, we also reassessed the effect of yet another structurally different nonselective COX inhibitor, ibuprofen on hypercapnia-induced pial vasodilation. Ibuprofen did not have any effect, confirming a previous study where ibu- profen inhibited increases in CSF prostaglandin levels during hypercapnia, but did not block arteriolar vasodilation (28) . We extended these results by showing that after total COXinhibition by ibuprofen, 0.3 mg/kg indomethacin still did significantly reduce the cerebrovascular reactivity to hypercapnia. Our results therefore suggest that the remarkable efficacy of indomethacin to abolish arteriolar dilation to hypercapnia is probably unrelated to COX-inhibition.
The inhibitory effect of indomethacin on hypercapniainduced vasodilation remains to be elusive, but is not due to nonspecific inhibition of VSM, since vasodilation to isoprenaline, substance P, calcitonin gene-related peptide, and glutamate remain unchanged after 5 mg/kg indomethacin (30 -32) . Indomethacin has been suggested to inhibit prostacyclin receptors (33) , and a 'double-blockade' effect both at the enzyme and receptor level may explain the conspicuous efficacy of indomethacin. Unfortunately, others found iloprost-induced vasodilation intact after indomethacin (8) . Conceivably, indomethacin may interfere quite specifically with the yet unknown, enigmatic mechanism of hypercapnia-induced vasodilation. In the present study, two of the three indomethacinsensitive stimuli proved to be COX-dependent. We suggest that other indomethacin-sensitive vascular reactions should be reassessed with structurally different, preferably selective COX-inhibitors to identify the truly COX-dependent ones.
In conclusion, the use of selective COX-2 inhibitors as neuroprotective drugs in the neonate may be somewhat limited by their adverse effect on COX-dependent cerebrovascular control mechanisms. However, these vulnerable responses do not appear to include hypercapnia-induced vasodilation.
